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ABSTRACT
The light curve of an eclipsing system shows anomalies whenever the eclipsing body passes in front of active
regions on the eclipsed star. In some cases, the pattern of anomalies can be used to determine the obliquity Ψ
of the eclipsed star. Here we present a method for detecting and analyzing these patterns, based on a statistical
test for correlations between the anomalies observed in a sequence of eclipses. Compared to previous methods,
ours makes fewer assumptions and is easier to automate. We apply it to a sample of 64 stars with transiting
planets and 24 eclipsing binaries for which precise space-based data are available, and for which there was
either some indication of flux anomalies or a previously reported obliquity measurement. We were able to
determine obliquities for ten stars with hot Jupiters. In particular we found Ψ .10◦ for Kepler-45, which is
only the second M dwarf with a measured obliquity. The other 8 cases are G and K stars with low obliquities.
Among the eclipsing binaries, we were able to determine obliquities in 8 cases, all of which are consistent with
zero. Our results also reveal some common patterns of stellar activity for magnetically active G and K stars,
including persistently active longitudes.
Subject headings: planetary systems — planets and satellites —- stars: activity, rotation, spots—-binaries:
eclipsing
1. INTRODUCTION
The Solar System is nearly coplanar, with the Sun’s equator
and the planetary orbits aligned to within a few degrees. This
makes sense because the Sun and the planets likely formed
from a flattened disk of material with a well-defined sense
of rotation. However, the discovery of planets with orbits
nearly perpendicular to the star’s equator (e.g., HAT-P-11b,
Winn et al. 2010b), or nearly retrograde (e.g., WASP-17b,
Triaud et al. 2010) show that planet formation and evolution
can be more complicated than in this simple picture. There
is hope that the distribution of obliquities, and its dependence
on stellar and planetary properties, will help to elucidate the
formation history and orbital evolution of planets (as recently
reviewed by Winn & Fabrycky 2015; Triaud 2017). Many
methods are available for measuring stellar obliquities: the
Rossiter-McLaughlin effect (Queloz et al. 2000); the vsini?
method (Schlaufman 2010; Winn et al. 2017); the photo-
metric variability method (Mazeh et al. 2015b); the gravity-
darkening method (Barnes 2009; Masuda 2015); the astero-
seismic method (Chaplin et al. 2013; Huber et al. 2013; Van
Eylen et al. 2014); and the method based on spot-crossing
anomalies (Sanchis-Ojeda et al. 2011; Désert et al. 2011;
Mazeh et al. 2015a; Holczer et al. 2015), the subject of this
paper.
When a transiting planet is blocking a dark starspot, the
loss of light is smaller than when it is blocking an unspotted
portion of the photosphere. This produces a positive glitch in
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the light curve. Similarly, transits over bright regions (plages
and faculae) produce negative glitches. In some cases the
stellar obliquity can be deduced from the pattern of recur-
rence of spot-crossing anomalies in a sequence of transits. As
a simple example, consider a low-obliquity star with long-
lived starspots and a rotation period Prot much longer than the
planet’s orbital period Porb. In such a case, the anomalies that
are seen during one transit will recur in the next transit, but
shifted forward in time because the active regions have ad-
vanced across the the visible hemisphere of the star due to
stellar rotation. Conversely, if the stellar obliquity is high, the
rotation of the star carries the active regions outside of the
“transit chord”, the narrow strip on the stellar disk that is tra-
versed by the transiting planet. In this case, the anomalies
produced by a given spot will not recur in subsequent transits.
Unlike some of the other methods for measuring obliq-
uities, the spot-crossing method does not require high-
resolution spectroscopy, and can therefore be applied to rel-
atively faint stars. However, the spot-crossing method does
require a large number of consecutive light curves with a high
signal-to-noise ratio (SNR) to allow spot-crossing events and
their recurrence to be detected. As a result, it has only been
applied to about a dozen systems. Most of these were discov-
ered by the space missions CoRoT and Kepler. The method of
analysis has generally relied on the identification of discrete
anomalies, often through visual inspection, a laborious and
somewhat subjective procedure. Most of the modeling has
been performed with idealized assumptions such as circular
spots of uniform intensity.
The motivation for our work was to develop a more objec-
tive method that does not rely on explicit spot modeling, and
can be more easily applied to a large sample of systems. In-
stead of assuming that the active regions are discrete dark and
bright spots, we treat the transit light curve as a measure of
the intensity distribution of the stellar photosphere along the
transit chord. We do not model the intensity distribution with
discrete spots, although we still must hope that the active re-
ar
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gions persist and are nearly stationary in the rotating frame of
the star for at least a few orbital periods. Given the values of
Prot and Porb, we can calculate the angle by which the active
regions should advance in between transits if the obliquity is
low. Then we can seek evidence for correlations — with the
appropriate lag — between the anomalies observed in a series
of transits. A significant correlation implies a low obliquity.
We can search for evidence of retrograde rotation in a similar
way.
For convenience we call this the Transit Chord Correlation
(TCC) method, although we do not claim it is a completely
new concept. It is closely related to eclipse mapping (Horne
1985), which has long been used to probe the brightness dis-
tribution of stars and accretion disks. Eclipse mapping has
also been applied to a couple of stars with transiting planets
(Huber et al. 2010; Scandariato et al. 2017). The main differ-
ence is that the previous investigators assumed zero obliquity
and sought to determine the brightness distribution across the
transit chord, while we use the method to try and determine
the obliquity.
Similar in spirit to our method is the one described by
Mazeh et al. (2015a) and Holczer et al. (2015). They were
able to distinguish prograde and retrograde motion in a few
Kepler systems by searching for a significant correlation be-
tween the observed transit timing variations (TTV) and the
time derivative of the stellar flux immediately before and af-
ter transits. Stars with prograde rotation should show a corre-
lation if a single active region is responsible for both the ap-
parent TTV and the out-of-transit variation, while retrograde
stars should show an anti-correlation. Two advantages of this
method are its simplicity and the freedom from the require-
ment that the active regions have a lifetime of a few orbital
periods. One problem is that the out-of-transit variations are
the net effect of all the active regions on the star, and are not
necessarily dominated by the region that is responsible for the
transit anomalies. Our TCC method does not rely on the out-
of-transit variations, and is also able to provide higher preci-
sion in the obliquity determination.
In this paper, we explain the TCC method, validate it
through application to systems for which the stellar obliquity
has been measured by independent methods, and apply it to all
the transiting planets for which the method is currently feasi-
ble. We also apply the TCC method to a sample of eclipsing
binaries drawn from the Kepler survey. Section 2 describes
the TCC method in greater detail. Section 3 describes the tar-
get selection and light curve preparation and analysis. Section
4 presents the results for the obliquities, as well as some inter-
esting features we noticed in the pattern and time evolution of
active regions. Section 5 discusses these results in the context
of what was previously known about both stellar obliquities
and stellar activity.
2. METHOD
2.1. Conceptual illustration
Figure 1 illustrates the concept of the TCC method. This
figure shows the face of a star and the corresponding light
curves of three consecutive transits. On the left are the light
curves for a well-aligned star (Ψ≈ 0◦) with a random pattern
of active regions that slowly rotates across the visible hemi-
sphere. The anomalies are seen to move progressively to the
right along the time axis. We isolate the anomalies by sub-
tracting the best-fitting transit model. Then we transform the
time coordinate into the longitude Φ of the star that is being
crossed by the planet, using the equation
Φ(t) = sin−1
[
x(t)√
1− y(t)2
]
−
2pi(t − tref)
Prot
(1)
where x(t) and y(t) are the sky-plane coordinates of the planet
in the system defined by Winn (2010), in which the origin is at
the center of the stellar disk and the x direction is aligned with
the planet’s trajectory. The reference time tref is arbitrary; we
adopt the usual Kepler convention of BJD 2454833. Note that
Φ is the longitude of the star in its own rotating frame. Thus,
active regions maintain a constant value of Φ even as they ro-
tate across the star’s visible hemisphere, as long as they do
not evolve or migrate significantly on the timescale of the or-
bital period of the planet (typically 1–10 days, for the planets
considered in this work). We also note that this transforma-
tion assumes that Prot is a constant and thereby neglects the
effects of latitudinal differential rotation. When the star has a
low obliquity, Prot should be understood as the rotation period
at the latitude of the transit chord.
Now that we have calculated the stellar longitude that is be-
ing blocked by the planet as a function of time, we can plot the
light-curve residuals as a function of stellar longitude. This is
shown in the bottom panels of Figure 1. The three patterns
of residuals are seen to be very similar, as expected, since
we have assumed that the active regions are stationary in the
star’s reference frame. The slight change of the observed pat-
tern between transits are caused by geometric foreshortening
and limb darkening of the active regions. In this well-aligned
case, we would observe strong correlations between the resid-
uals of successive transits.
The right side of Figure 1 shows similar illustrations for a
star that has an obliquity Ψ of 45◦. In this case, the active
regions rotate across the transit chord, rather than along the
chord. When a naive observer transforms time into stellar
longitude under the assumption Ψ ≈ 0◦, the residuals show
no correlation. This is because the anomalies that are seen
in successive transits are produced by different active regions.
In this case Φ, as calculated by Equation 1, is not really the
stellar longitude. To be more general we will refer to Φ as
the transit longitude rather than the stellar longitude; it cor-
responds to the stellar longitude only when the star has a low
obliquity.
The TCC (defined below) is a statistic that quantifies the
degree of correlation between the residuals of successive tran-
sits as a function of transit longitude. If the obliquity is low
and the SNR is high enough, the TCC should be high when
the correct stellar rotation period Prot is used to calculatedΦ in
Equation 1. The high TCC indicates there is a pattern of active
regions beneath the transit chord that is stationary in stellar
longitude, which can only happen for a low obliquity. A sim-
ilar test for perfectly retrograde obliquities can be performed
by switching the sign of the second term in Equation 1.
2.2. Light curve fitting
Figure 2 summarizes the TCC method with a flow chart.
We begin with the observed light curve. We isolate the indi-
vidual transits, retaining only the segments of data spanning
twice the transit duration and centered on each transit mid-
point. The transit data are used for the TCC computation.
The rest of the data are used only to estimate the stellar rota-
tion period. For this purpose we look for the strongest peak
in the Lomb-Scargle periodogram of the light curve, and des-
ignate this as Pphot, the photometric rotation period, with an
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FIG. 1.— Top: Transits of a planet across a star with active regions. The red arrows and dotted lines convey the orientation of the rotating host star. The
solid line is the trajectory of the transiting planet and the blue bar is the transit chord. The black and white circles are active regions (spots and faculae) on the
host star. Three consecutive transits are shown, for each of two different geometries: “Aligned” with stellar obliquityΨ≈ 0◦, and “Oblique” withΨ≈ 45◦. The
two cases are initialized such that the light curves are identical in Epoch 2.
Middle: Corresponding light curves. A glitch occurs when the planet transits across an active region. The red solid curves are the best-fitting transit models,
which do not account for the active regions. When Ψ≈ 0◦, the anomalies advance in time from one transit to the next, due to stellar rotation.
Bottom: Residual flux as a function of transit longitude. Knowing the stellar rotation period, we transform the time stamps of the data into the transit longitude
(see Equation 1). In the Aligned case, the planet repeatedly eclipses the same set of active regions, leading to recurring glitches in the residual flux at the same
transit longitudes. In the Oblique case, the active regions rotate outside of the transit chord. No recurring patterns are observed. The Transit Chord Correlation
method looks for statistically significant correlations in the residuals as a function of transit longitude.
uncertainty equal to the full width at half maximum of the
peak. We also estimate the stellar rotation period based on
the auto-correlation function (McQuillan et al. 2013, 2014),
and consider Pphot to be securely measured when the results
from the periodogram and the auto-correlation function are in
agreement.
We then fit a simple transit model assuming no active re-
gions, and compute the residuals between the data and the
best-fitting model. For the model we use the Batman code
(Kreidberg 2015), with the following parameters: the orbital
period Porb; the planet-to-star radius ratio (Rp/R?); the scaled
orbital distance (a/R?); the impact parameter (b≡ acos i/R?);
the quadratic limb-darkening coefficients (u1 and u2), the tran-
sit midpoint (t0); and two coefficients of a quadratic function
of time to account for the longer-timescale stellar flux varia-
tion near the time of the transit. We adopt the usual χ2 likeli-
hood function and obtained the maximum-likelihood solution
using the Levenberg-Marquardt algorithm as implemented in
the Python package lmfit (Newville et al. 2014).
After each transit is fitted individually we “rectify” the light
curves, dividing the data by the best-fitting quadratic function
of time. Then we fit all the rectified light curves together with
a reduced set of parameters: Porb, Rp/R?, a/R?, b, t0, u1 and
u2.
Next we allow for the possibility of TTVs, and for transit
depth variations caused by untransited active regions. When
the untransited portions of the star are relatively faint, the loss
of light due to the planet increases, and vice versa. We ac-
count for these effects by fitting the individual light curves
again but with only two adjustable parameters: the time of
transit (t0), and an additive constant (∆F) to account for the
overall changes in flux of the star. We hold the other parame-
ters fixed at the values determined in the preceding joint fit of
all the light curves. The model for the observed transit light
curve is then
Fcalc =
Ftra +∆F
1+∆F
, (2)
where Ftra is the transit model calculated by Batman and the
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FIG. 2.— A flow chart illustrating the major steps in the TCC method.
denominator sets Fcalc = 1 outside of transits, the same normal-
ization that was adopted for the data. To prevent overfitting
we require |∆F | to be smaller than the observed peak-to-peak
variation of the relative flux across the entire light curve. Af-
ter this final fit to each light curve, we record the residual flux
Fres ≡ Fobs −Fcalc, and transform the time stamps into transit
longitude Φ using Equation 1.
2.3. Searching for Transit Chord Correlations
We are now in the position to seek statistical evidence for
the recurring pattern in the residuals that one would expect
for a low-obliquity system. First we group together the resid-
uals from a certain number Ntra of consecutive transits. The
reason for grouping is two-fold: (1) each transit only probes
the visible side of the photosphere, and we need at least a few
transits to obtain complete longitude coverage; (2) grouping
transits together enhances the SNR. The case Ntra = 1 cor-
responds to no grouping. To illustrate the method, Figure 3
shows the data for Kepler-17, a young and active G star with
a 1.5-day hot Jupiter. The system was found to have a low
obliquity through an earlier application of the spot-crossing
method (Désert et al. 2011). Shown are the residuals for five
neighboring groups of transits, each of which is composed of
five consecutive transits. All five of these groups show a very
similar pattern as a function of longitude, as we would expect
for a low-obliquity star.
To quantify the significance of the correlations, we perform
the following steps. First we bin the residual flux uniformly
in transit longitude. We compute normalized residuals,
ri, j ≡ Fres(i, j)
σres( j)
, (3)
where Fres(i, j) is the median of the residual fluxes in the ith
group of transits and jth bin in transit longitude, and σres(i, j)
is the standard deviation of the residuals of all the data in the
ith group that contribute to the jth bin. Finally, we define
the transit chord correlation (TCC) as the average of the dot
products of the residuals between neighboring groups:
TCC≡ 1
Ngr −1
Ngr−1∑
i
1
NΦ
NΦ∑
j
ri, j× ri+1, j (4)
where Ngr is the total number of groups observed, and NΦ is
the number of longitude bins. We selected NΦ such that each
bin contains at least five data points; typically NΦ ≈ 100. In
some cases, gaps in the data resulted in an empty bin, in which
case we set Fres(i, j) = 0.
Note that the dot products of the residuals are only com-
puted between neighboring groups. This is because each
neighboring pair is only separated by a relatively short
timescale (a few orbital periods). On longer timescales, we
expect the correlation between different groups to dwindle
because there might have been enough time for the active re-
gions to undergo substantial evolution or migration. We will
see later that Kepler-17 and many other systems do show evi-
dence for evolution of the active regions.
We compute the TCC on a 2-d grid of possible choices for
the stellar rotation period Prot and the number Ntra of neigh-
boring transits that are included in each group. The stellar
rotation period that gives rise to the strongest correlation is
denoted as Ptcc. For a star with a low obliquity, the strongest
TCC should be observed when we calculate the transit longi-
tude using the independently measured stellar rotation period,
i.e., for Ptcc = Pphot, within the uncertainties in the observa-
tions and the degree of differential rotation. Figure 4 shows
the TCC grid for Kepler-17. In this case, Ptcc = 11.8±0.7 days
agrees very well with Pphot = 11.9± 1.1 days, which is good
evidence that this star has a low obliquity.
We also need to establish the threshold value of TCC to be
considered statistically significant. We do so with a Monte
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Carlo procedure. In each of 103 trials, we scramble the transit
epochs, i.e., we randomize the order of the individual tran-
sits without affecting the individual light curves. In this way,
we remove any correlations between neighboring transits due
to spot-crossing events, while preserving the structure of the
residuals (the “red noise”) within each transit light curve. For
each trial we recalculate the TCC using the values of Ptcc and
Ntra that produced the strongest correlation in the real dataset.
We find the resulting distribution of TCC to be nearly Gaus-
sian with a well defined standard deviation, as one would ex-
pect from the central limit theorem. The TCC distribution for
Kepler-17 is shown in Figure 5. The statistical significance
of the TCC of the real data is quantified by the number of
standard deviations (Nσ) away from the median of the Monte
Carlo distribution.
The final question is, what threshold should be set on Nσ for
a statistically robust detection of correlation? We found that
statistical fluctuations alone sometimes produce a TCC with
Nσ = 2–3 for a random value of Ptcc (not necessarily close to
Pphot). This is because when searching for the strongest TCC,
we step through a grid of different stellar rotation periods. At
each grid point, the transit longitudes and hence the TCC is
recomputed with the new rotation period. Typically, we test
a rotation period grid with about 200 different periods. It is
often the case that a random rotation period among the 200
periods tested produce a 2 or 3-σ outlier just by chance. We
therefore set a threshold of low-obliquity detection at Nσ > 4.
Even more importantly, we guard against spurious detections
by requiring that Ptcc must agree with Pphot.
2.4. The problem of spin-orbit commensurabilities
When the ratio of the stellar rotation period and the plane-
tary orbital period is close to the ratio of small integers, i.e.,
Prot/Porb = n/m, then the planet and the star return to the same
sky-projected configuration every n orbital periods or m rota-
tion periods. Such a spin-orbit commensurability may be the
result of a physical process that drove a system into a spin-
orbit resonance, or may simply occur by chance. Upon return-
ing to the same sky-projected configuration, the planet will
occult the same set of active regions. The TCC will therefore
be strong regardless of the stellar obliquity. Fortunately, these
cases for which the TCC is blind to obliquity can be easily
recognized because Pphot and Porb are both known in advance.
Moreover, in such cases, the TCC will usually be strongest at
Ptcc = mProt = nPorb, rather than Prot.
In practice, our code raises an alarm whenever Pphot/Porb
falls within 5% of a ratio of small numbers and Ptcc also
falls within 5% of nPorb. In these cases, we carry out a
visual inspection of the light curve, which can easily dis-
tinguish the low-obliquity from the high-obliquity cases: in
the low-obliquity case spot/faculae crossing events recur in
all neighboring transits; whereas in the high-obliquity case
spot/faculae crossing events only recur after nPorb.
In summary, we declare a statistically significant detection
of low stellar obliquity if the system satisfies: (1) Ptcc agrees
with Pphot to within the uncertainties; (2) Nσ > 4; and (3) the
orbital and rotation periods are not in the ratio of small inte-
gers. For such systems we can place an upper bound on the
allowed obliquity using a simple geometric argument. Be-
tween consecutive transits, the active regions move through
an angle of 2pi/Prot×Porb. The angular displacement of the
active region between consecutive transits is therefore
∆θ = mod(
2piPorb
Prot
,2pi). (5)
In a well-aligned system, the active regions move along the
transit chord, along the x direction. However a non-zero
obliquity introduces a vertical motion, in the y direction. In
order to observe a recurring pattern, the active regions must
remain within the transit chord for at least two transits. For
this to happen the vertical motion of the active regions must
be smaller than the width of the transit chord,
∆θ× sin(Ψ). Rp
R?
. (6)
For giant planets around Sun-like stars this leads to a typi-
cal upper limit of 10◦, though it is only approximate because
we have neglected the effects of the stellar inclination toward
or away from the observer. Also, in cases where the active
regions are larger than the planet radius, we should replace
Rp/R? by the size of the active regions relative to the star.
To allow a visual inspection of all the data we introduce
the “transit tapestry”, shown in the left panel of Figure 6 for
Kepler-17. This is a heat map in which the color scale rep-
resents the residual flux, the horizontal dimension is transit
longitude, and the vertical dimension is the transit group num-
ber (essentially, the time). If a star has a low obliquity, then
long-lived and stationary active regions will appear as verti-
cal features in the image. Evolution of the active regions will
cause the features to vary slowly in the vertical direction, and
migration in longitude will cause them to vary in the horizon-
tal direction. These effects produce a tapestry-like pattern of
coherent features, which displays the properties of the active
regions such as their sizes, relative intensities, lifetimes and
migration patterns. If the obliquity is large or the active re-
gions are weaker then the image will lose its artistic appeal
and look like random static, as in the right panel of Figure 6,
which was generated after scrambling the transit epochs.
2.5. Retrograde Orbits
Although our emphasis in this description has been on the
detection of low-obliquity orbits, it is worth noting that the
same method can just as easily be used to identify planets on
nearly perfectly retrograde orbits (Ψ = 180◦). This is because
the transit chord of a retrograde-orbiting planet is also paral-
lel to the lines of latitude on the stellar photosphere. In such a
geometry, active regions on the star can be occulted multiple
times in neighboring transits and produce strong correlations
in the residual flux. To search for retrograde systems, we sim-
ply flip the sign of the second term in Equation 1 and proceed
again with all the other steps in the analysis.
In fact it is not strictly necessary to perform two completely
different analyses, one for prograde and the other for retro-
grade systems. Even if the positive sign is always retained in
Equation 1, a retrograde system will distinguish itself by pro-
ducing a strong TCC for a value of Ptcc that is not equal to the
stellar rotation period, but rather at the period given by
1
P′tcc
=
1
Porb
−
1
Prot
. (7)
This is because in between two transits, the active regions on
a retrograde star with rotation period P′tcc will rotate through
the same angle as a prograde star with rotation period Prot. In
general P′tcc differs significantly from Prot. The only exception
is the case Prot = 2Porb, which is already handled in the test for
spin-orbit commensurabilities.
3. SAMPLE SELECTION
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FIG. 3.— Residual fluxes for Kepler-17b. The colored circles show the binned residual flux as a function of transit longitude. As in Figure 6, positive
residuals are red and negative residuals are blue. The left panel shows data from five consecutive groups of transits. Each group consists of eight transits, which
together provide complete longitude coverage from 0 to 360◦. A coherent pattern recurs from one group to the next. This is indicative of a low-obliquity orbit,
as illustrated in Figure 1. The right panel shows the same dataset after scrambling the epoch numbers of the transits. No recurring pattern is seen.
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FIG. 4.— Transit Chord Correlation (TCC) for Kepler-17b, as a func-
tion of Prot, the rotation period that is assumed when computing transit lon-
gitudes, and Ntra, the number of transits per group. The blue lines show the
1-σ confidence interval in the measurement of Pphot, the stellar rotation pe-
riod based on the photometric periodicity in the out-of-transit light curve.
The strongest TCC occurs at Ptcc = 11.8± 0.7 days which agrees well with
Pphot = 11.9± 1.1 days. This agreement is strong support for the claim that
the recurring pattern we see in Figure 3 is due to active regions on a low-
obliquity host star.
We tried to assemble a collection of all the transit datasets
for which there seemed to be a reasonable chance of success
for the TCC method. The requirement for high SNR and a
large number of consecutive transits restricts us to data from
the space missions CoRoT, Kepler, and K2.
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FIG. 5.— Statistical significance of the TCC for Kepler-17b. To quantify
the statistical significance of the recurring pattern seen in Figure 3 and 6, a
scrambling test is conducted. We recompute the TCC after randomizing the
epoch numbers of the individual transits. The resultant distribution is plotted
as the blue histogram. The TCC computed with the correct epoch sequence
(shown in green) is much stronger than when computed for the scrambled
sequences.
We included all 29 confirmed CoRoT systems in our sam-
ple. We downloaded the light curves from the CoRoT N2
public archive6. We used the monochromatic flux labelled
“whiteflux” in the FITS header. We only retained data points
with a Quality Flag of 0, i.e., those not affected by various
6 http://idoc-CoRoT.ias.u-psud.fr
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known problems.
Analyzing all of the thousands of Kepler Objects of Inter-
est (KOIs) would have required too much computation time.
Instead, we selected a sample of confirmed planets, plane-
tary candidates, and eclipsing binaries with high SNR and for
which there was some indication of spot-crossing anomalies.
The SNR was calculated as the ratio between the transit or
eclipse depth and the tabulated 6-hour CDPP (combined dif-
ferential photometric precision). We identified the 360 KOIs
with a single-transit SNR > 20. Evidence for anomalies is
based on the ratio of the standard deviation of the photomet-
ric residuals during the transit σin, and the standard deviation
of the out-of-transit data σout. Stellar activity should cause
this ratio to be significantly larger than unity. We retained
the high SNR systems that also have σin/σout > 1.7. A list of
such systems had been compiled by Sanchis-Ojeda (2014).
We also included any Kepler systems for which the stellar
obliquity had been previously measured using spot-crossing
anomalies or any other method. We downloaded the light
curves from the MAST website using the Python package
kplr 7. Whenever possible we used the short-cadence light
curves, with one-minute time sampling. We used the light
curves based on SAP (simple aperture photometry), and we
only kept data points with a Quality Flag of 0.
Our sample also includes nine stars with confirmed plan-
ets that were observed in the short-cadence mode during the
K2 mission (Howell et al. 2014). These systems are HATS-9,
HATS-11, Qatar-2, WASP-47, WASP-55, WASP-75, WASP-
85, WASP-107 and WASP-118. To produce the light curves,
we downloaded the pixel files from the Mikulski Archive for
Space Telescopes website (MAST). To remove the spurious
intensity fluctuations caused by the uncontrolled rolling mo-
tion of the Kepler spacecraft, we used the photometry pipeline
described by Dai et al. (2017), which decorrelates the flux
variations against the measured coordinates of the center of
light on the detector.
The resultant sample consists mainly of FGK dwarf stars,
except for Kepler-13A (an A star) and Kepler-45 (an M
dwarf). Because of the SNR requirement, the planets in our
sample are almost all hot Jupiters. Three-quarters of the plan-
ets are larger than 8 R⊕ and have orbital periods shorter than
10 days. We believe the resulting sample is fairly exhaustive,
in the sense that it includes all of the data currently available
for which the TCC method has a significant chance of reveal-
ing the obliquity. However, the sample is strongly biased to-
ward close-in giant planets around active stars. It is not “com-
plete” in any other sense, i.e., it is not amenable to any simple
astrophysical description. Caution is therefore needed when
trying to interpret the fraction of systems that are found to be
aligned, retrograde, or indeterminate.
4. RESULTS
Tables 1 and 2 summarize the results for the transiting plan-
ets and eclipsing binaries respectively. For each system we
report the orbital period (Porb); the scaled semi-major axis
(a/R?); the mass and radius of the planet and the host star
(Mp, Rp, M?, and R?); the effective temperature of the host
star (Teff); the rotation period measured from the quasiperi-
odic modulation in the light curve (Pphot); the rotation period
that gives the strongest TCC (Ptcc); the statistical significance
of the correlation based on the scrambling test (Nσ); the ra-
tio between the rotation and orbital periods (Ptcc/Porb); and
7 http://dfm.io/kplr
any previous measurement of the sky-projected obliquity that
has appeared in the literature λlit. We have arranged the ta-
ble such that systems that show statistically significant TCC
(those with a low stellar obliquity) appear in front. For those
systems we report an upper limit on the true obliquity using
Equation 6. The other systems are arranged in descending
order of Nσ .
To check on the validity of the TCC method, we examined
the results for all the systems for which stellar obliquities had
been measured with other methods. For the low-obliquity sys-
tems (those that satisfy Equation 6), we may detect a strong
TCC with Ptcc = Pphot. However, a null result could also be
obtained, if the host star is not sufficiently active, the planet’s
transit chord misses the active latitudes, or the active regions
undergo rapid evolution. Therefore we began by focusing
on the low-obliquity systems where previous studies had re-
vealed strong stellar activity through the clear identification
of individual spot-crossing events: Kepler-17 (Désert et al.
2011), CoRoT-2 (Nutzman et al. 2011) and Qatar-2 (Mocˇnik
et al. 2016b; Dai et al. 2017). These are hot Jupiters around
active G or K stars, with orbital periods less than two days.
For all of these systems, individual spot-crossing anomalies
could be visually identified in the light curves. The recurrence
of the spot-crossing events led previous authors to conclude
that all three systems are aligned to within ≈10◦. Addition-
ally, for the case of Qatar-2b, Esposito et al. (2017) found
λ = 0±10◦ based on the Rossiter-McLaughlin effect. Unsur-
prisingly, these three systems show the strongest TCC among
all the systems in our sample, and Ptcc agrees well with Pphot.
Thus the TCC method easily confirms the low stellar obliqui-
ties for these systems.
Holczer et al. (2015) reported five systems with pro-
grade obliquities (Kepler-17b, Kepler-71b, KOI-883.01, KIC
7767559b and Kepler-762b), based on the observed correla-
tion between the apparent TTV and the local time derivative
of the out-of-transit flux. This method was described in the
Section 1. The TCC method shows that the orbits of all five
systems are not only prograde (Ψ < 90◦) but also aligned to
within about Ψ. 10◦.
We now turn to the eight systems for which other meth-
ods unveiled a high stellar obliquity (see Table 1 for the mea-
sured obliquities and references). For CoRoT-3b, CoRoT-19b,
Kepler-13Ab, Kepler-420b, HAT-P-7b, and WASP-107b, we
did not detect a statistically significant TCC. For those cases
in which the stellar rotation period could be measured from
the light curve, Pphot did not agree with Ptcc. This is as ex-
pected, for high-obliquity systems. However, our method
did return a statistically significant TCC for the HAT-P-11b
and Kepler-63b systems, which are known to be misaligned
(Sanchis-Ojeda & Winn 2011; Sanchis-Ojeda et al. 2013). We
found Nσ = 6.0 for HAT-P-11b and 5.8 for Kepler-63b. These
“false positives” are examples of the problem of spin-orbit
commensurability described in the previous section. Béky
et al. (2014a) reported a 6:1 spin-orbit period ratio for HAT-
P-11b, and Sanchis-Ojeda et al. (2013) reported a nearly
4:7 ratio for Kepler-63b. The strongest TCC for Kepler-63
was detected at Ptcc = 37.7 days (4×Porb) rather than Pphot =
5.401±0.014 days.
After completing the search for well-aligned systems, we
used the same sample to search for perfectly retrograde sys-
tems. We flipped the sign of the second term in Equation
1 before repeating the TCC analysis. We did not find any
cases of a statistically significant TCC. Hence, although we
could have detected perfectly retrograde orbits just as easily
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as we detected prograde orbits, we did not find any evidence
for perfectly retrograde orbits in our sample. In the following
sections we discuss some of the individual systems in greater
detail.
4.1. Kepler-17
Kepler-17b is a hot Jupiter orbiting a G star every 1.5 days.
Désert et al. (2011) identified and modeled a sequence of spot-
crossing events in neighboring transits. The recurrence of the
spot-crossing events led Désert et al. (2011) to conclude that
the Kepler-17b has an obliquity < 15◦. Our analysis revealed a
strong TCC (Nσ = 59.6) at Ptcc = 11.8±0.7 days. The Kepler
light curve shows rotational modulation in the out-of-transit
light curve which offers an independent check on the stellar
rotation period: Pphot = 11.9± 1.1 days. These observations
together suggest a low stellar obliquity of Kepler-17b; and we
place an upper bound Ψ. 10◦ with Equation 6.
Figure 6 shows the transit tapestry for Kepler-17. It displays
clear clusterings of positive and negative residuals in transit
longitude. We interpret the observed clustering as photomet-
ric signatures of active regions along the transit chord. These
patterns can be used to infer the properties of the host star’s
magnetic activity. At any particular time there are 1–4 active
regions present on the transit chord. Each of these regions in
the tapestry spans 20–30◦ in transit longitude. However, the
nonzero size of the the planet (about 16◦ in longitude) acts to
widen the apparent size of the active regions. After account-
ing for the size of the planet, the active regions span 5–20◦
in true longitude on the star. The active regions lasted for a
100–200 days before either disappearing or leaving the lati-
tudes probed by the planet. The intensity of the active regions
changed gradually over time; they did not burst into existence
with maximum intensity.
One point of interest is whether the active regions remain
stationary in longitude or undergo longitudinal migration.
However, there is a degeneracy between any constant rate of
longitudinal migration, and the rotation period used to calcu-
late transit longitudes. Specifically, if Ptcc is smaller than the
actual stellar rotation period, all the photometric features in
the transit tapestry would appear to undergo prograde longi-
tudinal migration in the transit tapestry. The TCC method,
by design, maximizes the correlation of residual flux. As a
result, it always selects the stellar rotation period such that
most photometric features remain fixed in stellar longitude.
Therefore, the transit tapestry can only reveal relative migra-
tion rates between different active regions but not the absolute
rate of migration. In the case of Kepler-17, there is indeed
some indication of relative migration. The pattern enclosed
by the green ellipse in Figure 6 suggests that an active region
split apart into two smaller regions which separated longitudi-
nally over time. This is reminiscent of the emerging magnetic
flux tubes on the Sun which produce bipolar magnetic regions
(Spruit & Roberts 1983). A flux tube initially gives rise to
one footpoint on the host star when it just reaches the stellar
surface. As the flux tube emerges further, it gives rise to two
footprints that spread apart in longitude.
From now on, we will define the contrast of an active re-
gion as the relative ratio between the brightness of the active
regions to the average photosphere, in the observing band-
pass. Specifically for Kepler-17, the photometric features of
the active regions had amplitudes of about 0.002–0.004 in rel-
ative flux. By comparing this to the transit depth of about
0.02, the active regions on average are seen to be roughly 10-
20% fainter than the average photosphere in the broad optical
Kepler bandpass (approximately 420–900 nm). We note that
the finite size of the transiting planet introduces a convolu-
tion effect that not only broadens the photometric signature
of the active regions, but also reduces the contrast. The con-
trast calculated here and subsequently is the product of the
relative brightness of individual magnetic features that consti-
tute the active regions and the area filling factor within the
shadow of the planet. Because of this degeneracy, we re-
frain from converting the contrast into an effective tempera-
ture (which would have allowed for more direct comparisons
with sunspots).
Figure 6 shows that the number, size, and relative intensity
of active regions decreased towards the latter part of the Ke-
pler mission. This decline might have been part of a magnetic
activity cycle, or it might represent the latitudinal migration of
the active regions away from the transit chord. In principle,
the degree of differential rotation could be studied by com-
paring the rotation period on the transit chord Ptcc with the
photometrically-derived rotation period Pphot, which is based
on active regions across the entire star. However, this is dif-
ficult in practice because there is little information on how
the active regions are distributed latitudinally outside the tran-
sit chord. Given the impact parameter of the transit b = 0.27
(Désert et al. 2011) and the size of the planet Rp/R? ≈0.13,
the stellar latitude probed by the planet is 16± 8◦ north or
south of the stellar equator. At least, our analysis can show
that this latitudinal range is magnetically active.
4.2. CoRoT-2
CoRoT-2b is a hot Jupiter orbiting a G star every 1.7 days
(Alonso et al. 2008). The star rotates rapidly, with a period
of about 4.5 days, and has strong magnetic activity which
manifested as clear spot-crossing events in the CoRoT light
curve. By modeling the recurrence of spot-crossing events,
Nutzman et al. (2011) found the sky-projected obliquity to be
λ = 4.7±12.3◦. Our TCC method tells a consistent story. We
find a strong TCC Nσ = 22.6 at Ptcc = 4.5±0.3 days consistent
with Pphot of 4.530±0.068 days. We conclude that CoRoT-2
has a low stellar obliquity
Figure 7 shows the transit tapestry. The clustering of resid-
ual flux indicates that there were two active regions present
on the stellar latitude probed by the planet. They had simi-
lar sizes and intensities and were separated by about 180◦ in
longitude. These two regions span about 30–40◦ in the transit
tapestry. After accounting for the blurring effect of the planet,
which extends about 20◦ in longitude, we conclude the active
regions are about 10-20◦ wide. Both active regions persisted
throughout the ≈150 days of CoRoT observations, remain-
ing nearly stationary in longitude. With Figure 7, we can
estimate that active regions produce flux variation of about
0.002–0.005 in relative flux. Taking the ratio with the transit
depth (about 3%), we find the active regions to be roughly 7-
17% dimmer than the rest of the photosphere in the CoRoT
bandpass. Again, using the impact parameter of the tran-
sit b ≈ 0.22 (Gillon et al. 2010a) and the size of the planet
Rp/R?≈ 0.13, the stellar latitude probed by the planet is likely
13±10◦ in either the northern or southern hemisphere.
Lanza et al. (2009) and Huber et al. (2010) also studied
the magnetic activity of CoRoT-2. Lanza et al. (2009) used
a maximum entropy method to determine the longitudinal
distribution of active regions using the rotational modulation
in the out-of-transit light curve, while Huber et al. (2010)
modeled the transit light curve by dividing the eclipsed and
noneclipsed parts of photosphere into a number of longitudi-
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FIG. 6.— Transit Tapestry of Kepler-17b. The residual flux of Kepler-17b as a function of transit longitude and time. Red indicates positive residuals,
and blue indicates negative residuals. A portion of these data (BJD 540–600) are shown in Figure 3. The coherent and generally vertical patterns imply a low
stellar obliquity. These patterns allow for estimates of some key properties of the active regions, including size (5–20◦ in longitude), lifetime (100–200 days),
and relative intensity (10–20% dimmer than average photosphere). Some active regions are observed to split into two smaller active regions (see, e.g., the green
ellipse). We interpret this as the result of emerging magnetic flux tubes. For comparison, the right panel shows the transit tapestry for a scrambled dataset, in
which the transit epochs were randomized.
nal intervals with different intensities. Both of these works
confirmed the presence of active regions on CoRoT-2.
4.3. Qatar-2
Qatar-2b is a hot Jupiter discovered by the Qatar Exoplanet
Survey (Bryan et al. 2012). The planet orbits a K dwarf every
1.3 days. Recent K2 observations in the short-cadence mode
unveiled dozens of spot-crossing anomalies. By modeling the
spot-crossing anomalies, both Mocˇnik et al. (2016b) and Dai
et al. (2017) showed that the system has a low stellar obliquity.
Esposito et al. (2017) independently confirmed the low stellar
obliquity λ = 0± 10◦ by observing the Rossiter-McLaughlin
effect. As expected, we detect a strong TCC Nσ = 18.0 in the
K2 light curve at Ptcc = 18.2±0.4 days which agrees with Pphot
= 18.5±1.5 days. We place an upper bound Ψ. 11◦.
Figure 8 shows the tapestry plot for Qatar-2. Although K2
observations only spanned 80 days, the transit tapestry still re-
veals two active regions along the transit chord. One of them
was located at 300◦ in longitude and was about 15–25◦ wide
(after accounting for the broadening due to the nonzero size of
the planet). Its intensity remained relatively constant through-
out the 80 days of K2 observations. The other active region
was located near 20◦ in longitude. Its size and intensity un-
derwent a significant increase during the K2 observation. This
might have been caused by the emergence of a magnetic flux
tube, or latitudinal migration of an active region into the tran-
sit chord. These active regions maintained a constant separa-
tion in longitude. The active regions on average are roughly 3-
7% dimmer than the photosphere. Given the impact parameter
of the transit b≈ 0.03 (Dai et al. 2017) and Rp/R? = 0.15, the
transits probe the region close to the stellar equator (2±9◦).
4.4. Kepler-71
Kepler-71b is a 3.9-day hot Jupiter around a G star (How-
ell et al. 2010). With a V magnitude of 15.4, Kepler-71 is
too faint for precise radial-velocity follow-up. Holczer et al.
(2015) detected a strong correlation between the detected
TTV and the time derivative of the stellar flux, which sug-
gested a prograde orbit and the presence of starspots. Our
TCC analysis shows that the orbit of Kepler-71b is not only
prograde but also well-aligned. We detect a strong TCC (Nσ
= 10.7; Ptcc = 19.7±0.8 days; Pphot = 19.87±0.18 days). The
upper bound on the obliquity is Ψ . 6◦.
We made a transit tapestry for Kepler-71 (Figure 9). Two
active regions are most discernible in the later part of the Ke-
pler mission (BJD-2454833 > 1200). These two active re-
gions were separated by about 180◦. They each spanned about
5-15◦ in longitude after accounting for the convolution effect
of the planet (16◦ in longitude). They lasted for about 150
days; and on average were roughly 10-20% dimmer than the
photosphere. We estimate the latitude probed by the planet
using the impact parameter of the transit (0.04, Howell et al.
2010) and the size of the planet (Rp/R? ≈ 0.14). The result
shows that the equatorial region of the photosphere (2±8◦) is
magnetically active.
4.5. KOI-883.01
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FIG. 7.— Transit Tapestry of CoRoT-2b. Same as Figure 6 but for CoRoT-2. The TCC method makes a strong case for a low stellar obliquity. In contrast
to Kepler-17, there appear to be two active regions along the stellar latitude probed by the planet. They have similar intensity (7-17% dimmer than average
photosphere) and size (10-20◦ in longitude); and are located rather symmetrically on opposite hemispheres. The active regions persisted throughout the ≈150
days of CoRoT observations. The transit chord of CoRoT-2b correspond to a stellar latitude of 13±10◦.
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FIG. 8.— Transit Tapestry of Qatar-2b. Same as Figure 6 but for Qatar-2. TCC analysis reveals a low stellar obliquity. One of the active regions was located
at 300◦ in longitude. Its intensity remained relatively constant during the 80 days of K2 observation. The other active region was located near 20◦ in longitude.
Its size and intensity underwent significant increase during the K2 campaign.
KOI-883.01 is a planetary candidate discovered by the Ke-
pler mission. The transit light curve is consistent with a hot
Jupiter orbiting a K star every 2.7 days. As was the case with
Kepler-71, Holczer et al. (2015) detected a strong correlation
between TTV and local flux variation and inferred a prograde
orbit for the system. We show that the system is not only pro-
grade but also well-aligned. The Nσ is as high as 9.2 while
Ptcc = 9.1± 0.2 days and Pphot = 9.11± 0.11 days agree well.
We place an upper bound Ψ . 4◦.
The transit tapestry is shown in Figure 10. The photomet-
ric signatures of active regions are more diffuse than for the
systems described earlier. In the first ≈100 days of Kepler
observations, an active region was located near 240◦ in longi-
tude and was 20–30◦ wide (after accounting for the 18◦ angu-
lar size of the planet). After a gap in the data, another active
region emerged at 120◦ in longitude with a similar size and in-
tensity (10-20% dimmer than the average photosphere). Both
active regions lasted for at least 100–200 days, and perhaps
even longer if the active region near 240◦ persisted through
the data gap. The impact parameter of the transit is about
0.01 and Rp/R? is about 0.18 (ExoFoP 8). The transit chord
8 https://exofop.ipac.caltech.edu
overlaps with the equatorial region (0± 10◦) which appears
to be magnetically active.
4.6. Kepler-45
Kepler-45b is a 2.5-day hot Jupiter orbiting a M dwarf.
The system was confirmed by a combination of radial ve-
locity monitoring, adaptive optics imaging, and near-infrared
spectroscopy (Johnson et al. 2012). It is one of the three hot
Jupiters around M dwarfs that have been reported to date. The
other two are HATS-6b (Hartman et al. 2015) and NGTS-1b
(Bayliss et al. 2017). No constraint on the stellar obliquity of
Kepler-45b has been published yet.
Application of the TCC method gave Nσ = 6.3 at Ptcc =
16.7± 0.8 days. The Ptcc coincides with the measured Pphot
= 15.8± 0.2 days, to within the uncertainties. We conclude
that Kepler-45b is very likely on a well-aligned orbit, with an
upper bound on Ψ . 11◦. To our knowledge, this is only the
second case of a stellar obliquity measured for an M dwarf.
The first such report was for GJ 436b, a 2.6-day Neptune-
mass planet (Bourrier et al. 2017, λ = 72+33−24
◦). Enlarging
the number of such measurements would be interesting. Be-
ing fully convective, some M-dwarfs are structurally very dif-
ferent from solar-type stars for which most of the obliquity
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FIG. 9.— Transit Tapestry of Kepler-71b. Same as Figure 6 but for Kepler-71. TCC detects a strong correlation consistent with a low stellar obliquity. Two
large-scale active regions emerged in the later part of the Kepler mission. The active regions were separated by about 180◦. They each spanned about 5-15◦in
longitude. They have similar lifetime (∼ 150 days) and relative intensity (10-20% dimmer than average photosphere). Given its impact parameter, the planet
probes the equatorial region (2±8◦ in latitude).
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FIG. 10.— Transit Tapestry of KOI-883.01 Same as Figure 6 but for KOI-883. TCC analysis revealed a low stellar obliquity. An active region was located
at 240◦ in longitude during the first 100 days of Kepler observation. The second active region emerged near 120◦ in longitude with similar width (20-30◦ in
longitude) and intensity (10-20% dimmer than the average photosphere) after the data gap of about 200 days.
measurements have been obtained. The excitation and damp-
ing of stellar obliquities may operate in different ways for M
dwarfs than for solar-type stars. Given that other, more tradi-
tional obliquity measurements tend to fail for M dwarfs, the
TCC method may be particularly promising for constraining
the stellar obliquities of M-dwarf planet hosts. We will return
to this point in Section 5.
Kepler-45b has an impact parameter of about 0.6 (Johnson
et al. 2012) and a Rp/R? of 0.18. Together this suggests that
the transit chord probes the stellar latitude of 37± 16◦. The
transit tapestry, shown in Figure 11, does not show any vi-
sually compelling patterns. This is because we have orga-
nized this section in order of decreasing correlation strength.
At this point, the correlations may not be visually obvious,
even though our Monte Carlo procedure shows that they are
statistically significant when summed over the entire dataset.
Alternatively, it may be the case that active regions on M-
dwarfs preferentially take the form of broad chromospheric
plages and networks rather than dark photospheric spots on
sun-like stars. The resultant photometric features in the transit
light curves would be more spread out, more rapidly evolving
and hence harder to discern visually, compared to the sun-like
stars described earlier. The increased chromospheric activity
of M dwarfs was observed in Ca II H and K lines (Isaacson &
Fischer 2010). Moreover, the difference in magnetic behavior
between M dwarfs and solar-type stars is also theoretically
motivated: fully convective M dwarfs lack the tachocline,
the strong shearing zone between the radiative and convec-
tive layer of the sun, which is thought to be important for the
operation of sun-like dynamos and the formation of sunspots
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(Charbonneau 2014).
4.7. TrES-2
TrES-2 is a G star hosting a 2.5-day hot Jupiter (O’Donovan
et al. 2006). Rossiter-McLaughlin observations have shown
that TrES-2b has a low stellar obliquity λ = −9± 12◦ (Winn
et al. 2008), although the confidence in that measurement was
lower than usual because of the star’s relatively low rotation
velocity. We find a strong TCC Nσ = 5.8 in the residual flux
at Ptcc = 29.9±1.4 days. This period is in agreement with the
independently measured photometric period, Pphot = 28.35±
0.34 days. We conclude that TrES-2 likely has a low stellar
obliquity with an upper bound Ψ . 10◦.
We show the transit tapestry in Figure 12. We can see cor-
relations between neighboring groups, but not any distinct,
long-lasting features of the type that appeared in some of the
systems described earlier. According to Montet et al. (2017),
the photometric activity of solar-type stars with rotation pe-
riods greater than 25 days are more likely to be dominated
by bright patches (faculae) than by dark spots. These bright
patches and the active network, at least those on the Sun, are
more extended and evolve more quickly than spots (Foukal
1998; De Pontieu et al. 2006; Shapiro et al. 2016). Given the
slow stellar rotation period of TrES-2, we may be seeing the
more extended and less persistent photometric features of the
faculae or active networks. In particular, the blue patch span-
ning about 180◦ near BJD-2454833 = 1000 may be associated
with a bright, more extended active region.
4.8. Kepler-762
Kepler-762b is a 3.8-day hot Jupiter around a G star. The
planet went from being a “candidate” to being “validated”
through the statistical analysis of Morton et al. (2016). Hol-
czer et al. (2015) reported a prograde orbit for this system
given the observed strong correlation between TTV and lo-
cal flux variation. Our TCC analysis shows a good agreement
between Ptcc = 4.0±0.1 days and Pphot = 4.045±0.025 days.
The statistical strength of the correlation is Nσ = 5.2. We thus
argue that the orbit of Kepler-762 is not only prograde but also
well-aligned (Ψ .16◦). The transit tapestry, Figure 13, is not
impressive to the eye, even though the TCC is strong enough
for a confident conclusion. Given the impact parameter of the
transit of about 0.05 (ExoFop) and Rp/R? of 0.10, the transit
chord probes the stellar latitude of 3±7◦.
4.9. Kepler-423
Kepler-423b is a 2.7-day hot Jupiter orbiting a G star (Gan-
dolfi et al. 2015). The maximum TCC has Nσ = 4.7 at Ptcc =
23.0±0.9 days. The stellar rotation period was also indepen-
dently measured to be Pphot = 22.047± 0.121 days based on
the out-of-transit light curve. Therefore Kepler-762 likely has
a low stellar obliquity (Ψ . 10◦). In the transit tapestry (Fig-
ure 14), there are hints of group-group correlations, however
no large-scale, long-lasting active regions can be discerned
by eye. As we said with regard to TrES-2, Kepler-423 may be
also faculae-dominated given its slow stellar rotation period.
4.10. WASP-85
WASP-85Ab is a 2.7-day hot Jupiter around a G star in a vi-
sual binary system (Brown 2015). The companion is a K star
at an angular separation of about 1.5 arcseconds (∼190 AU).
Mocˇnik et al. (2016a) analyzed the spot-crossing anomalies
identified in the K2 short-cadence data for WASP-85A. They
concluded that the recurrence of the spot-crossing events not
only suggests a low stellar obliquity (λ . 14◦), but also con-
strains the stellar rotation period to be 15.1± 0.6 days. On
the other hand, they measured the stellar rotation period to be
13.6±1.6 days based on the rotational modulation seen in the
out-of-transit light curve.
We detect a TCC of Nσ = 4.5 at Ptcc = 15.2±0.3 days. This
is consistent with the value of 15.1± 0.6 days reported by
Mocˇnik et al. (2016a). We measure a Pphot = 13.28±0.41 days
which was also consistent with the 13.6±1.6 days reported by
Mocˇnik et al. (2016a). Since the Nσ of 4.5 is not as strong as
the previous cases and the Ptcc differ substantially from Pphot,
we examined WASP-85 more closely.
The left panel of Figure 15 shows the residual flux of K2
short-cadence observation of WASP-85. After transform-
ing time into transit longitude using Ptcc = 15.2 days, the
spot-crossing anomalies clearly recur at fixed transit longi-
tude from one transit to the next, except in cases where spot-
crossing events happened near the ingress or egress. Geomet-
rical foreshortening and limb darkening effect are most severe
during the ingress/egress; and both effects tend to weaken
the signal of spot-crossing anomalies. Therefore the spot-
crossing anomalies are expected to be suppressed here. The
recurrence of spot-crossing events are compelling enough that
we agree with Mocˇnik et al. (2016a) that WASP-85Ab likely
has a low stellar obliquity. The fact that Ptcc = 15.2±0.3 days
disagrees with Pphot = 13.28± 0.41 days may be a sign dif-
ferential rotation. Alternatively, this may be the result of the
short lifetime of starspots. The rotational modulation in the
K2 light curve underwent significant evolution during the≈80
days of K2 observation suggesting a short spot lifetime. Fur-
thermore, Figure 15 shows that many of crossed spots only
persisted for days before disappearing.
The spot-crossing anomalies are about 0.0004-0.0008 in
relative flux while the transit depth is about 2%. If the ac-
tive regions uniformly fills the shadow of the planet, their rel-
ative intensity is hence 2-4% dimmer than the averaged pho-
tosphere. The spot-crossing events last about ∼ 15 min or
∼ 20◦ in longitude. After accounting for the blurring effect of
the planet (Rp/R? of 0.13), the spots are smaller than 5◦. For
WASP-85, we are likely seeing smaller, shorter-lived, individ-
ual starspots rather than the more stable and extended active
regions on Kepler-17. Curiously, on the Sun, the lifetime of
a sunspot is proportional to its size (Gnevyshev 1938; Wald-
meier 1955). With this “GW rule” in mind, it is not surprising
that the spots on WASP-85 have shorter lifetimes compared
to the extended active regions on Kepler-17. We estimate the
latitude probed by the transit chord as 3± 7◦ using the the
impact parameter of the transit of about 0.05 (Mocˇnik et al.
2016a) and Rp/R? of 0.13.
4.11. HAT-P-11
HAT-P-11b is a 4.9-day super-Neptune around a K dwarf.
With a relatively large scaled orbital distance of a/R? = 15.6,
it is more akin to the “warm Jupiters” than hot Jupiters.
Rossiter-McLaughlin observations revealed λ = 103+23−10 de-
grees. Sanchis-Ojeda & Winn (2011) confirmed that the orbit
is nearly perpendicular to the stellar equator by analyzing the
spot-crossing anomalies seen in the Kepler light curve. They
showed that spot-crossing anomalies cluster near two specific
phases of the transit. They attributed this phenomenon to the
presence of two active latitudes on the photosphere. As the
planet transits the host star on a perpendicular orbit, the two
symmetric active latitudes on both hemisphere will be oc-
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FIG. 11.— Transit Tapestry of Kepler-45b Same as Figure 6 but for Kepler-45. Our TCC analysis suggests a low stellar obliquity. However, any presence
of magnetically active regions is not visually obvious. This may be attributed to the low SNR of the light curve. Another possibility is that magnetically activity
of the M dwarfs is dominated by bright chromospheric plages/networks instead of dark photospheric spots. The chromospheric features may have much larger
areas, less well-defined shapes and shorter lifetimes than the spots. As a result, their photometric features in the transit light curves are harder to discern visually.
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FIG. 12.— Transit Tapestry of TrES-2b Same as Figure 6 but for TrES-2. TCC makes a good case for a low stellar obliquity of TrES-2. With a slow stellar
rotation of about 29 days, TrES-2 may be dominated by faculae and active networks. The blue patch with transit latitude between 60 and 240◦ near BJD-2454833
= 1000 may be caused by a bright, extended active region on TrES-2.
culted sequentially. The photometric signatures of the active
regions are two persistent brightening features in the residual
flux that remain fixed relative to the mid-transit time. Recent
work by Morris et al. (2017a) mapped out the distribution of
starspots on HAT-P-11 by explicitly modeling individual spot-
crossing events. They drew attention to many similarities be-
tween sunspots and the starspots on HAT-P-11 such as size
and latitudinal distribution. Morris et al. (2017b) showed that
HAT-P-11 is chromospherically more active than other planet
hosts with similar properties.
Béky et al. (2014a) reported that the ratio of spin period to
orbital period is very nearly 6 to 1. Because of this commen-
surability, every six transits the planet and star return to the
same configuration. As a result, the transiting planet can re-
visit the same active regions despite the high stellar obliquity.
This results in a repeating pattern in the residual flux. Con-
sequently, our TCC method detects a strong correlation (Nσ
= 6.0) even though the system is known to have a high obliq-
uity. Visual inspection of the Kepler light curve shows that
spot-crossing events only recur at fixed transit longitude after
6 consecutive transits. The close spin-orbit commensurability
distinguishes HAT-P-11 from the low-obliquity systems dis-
cussed earlier.
4.12. Kepler-63
Kepler-63b is a sub-Saturn orbiting a G dwarf every 9.4
days. Sanchis-Ojeda et al. (2013) showed that the system has
a high stellar obliquity (Ψ = 104+22−14
◦) using both Rossiter-
McLaughlin observations and spot-crossing events in the Ke-
pler light curve. Similar to HAT-P-11, Kepler-63 displays an
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FIG. 13.— Transit Tapestry of Kepler-762b Same as Figure 6 but for Kepler-762. A strong correlation was detected by the TCC method suggesting a low
stellar obliquity. The presence of active regions is not visually obvious.
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FIG. 14.— Transit Tapestry of Kepler-423b Same as Figure 6 but for Kepler-423b. TCC analysis suggests a low stellar obliquity. Although there are hints
of group-group correlation, we do not see prominent, long-lasting active regions. Similar to TrES-2, Kepler-423 may be faculae-dominated given its slow stellar
rotation period (22 days). In contrast to the spot-dominated stars, Kepler-423 may not have persistent, localized features in the transit light curves.
apparent spin-orbit resonance (4:7 in this case). Similar to
HAT-P-11, our TCC method finds a relatively strong signal
(Nσ = 5.8) even though the system has a high stellar obliq-
uity. The strongest TCC is detected at Ptcc = 37.7 ± 0.8 days
(c.f. Pphot = 5.041± 0.014 days) which coincide with the least
common multiple between the stellar rotation period and the
orbital period (4Porb or 7Pphot) i.e. the period at which the sys-
tem return to the same configuration. This is indicative of a
spin-orbit commensurability rather than a low-obliquity orbit
as we explained earlier.
4.13. Kepler-25
The two transiting planets b and c of Kepler-25, an F star,
were confirmed by Steffen et al. (2012) via transit timing vari-
ations. Albrecht et al. (2013) performed Rossiter-McLaughlin
measurement during the transits of planet c which is a sub-
Saturn on a 12.7-day orbit. The Keck/HIRES data they ob-
tained showed that Kepler-25c has a low stellar obliquity of
λ = −0.5± 5.7◦. We applied the TCC method to the short-
cadence Kepler light curve of Kepler-25. No statistically sig-
nificant correlation was detected. The strongest TCC has
Nσ = 3.2 at Ptcc = 31± 1 days. We could not measure the
stellar rotation period independently in the out-of-transit light
curve. Here and elsewhere in similar cases, we use the mea-
sured rotational broadening vsini? and the stellar radius to es-
timate the stellar rotation period. For Kepler-25, Albrecht
et al. (2013) reported vsini? = 9.5± 0.5 km s−1 and a stellar
radius of 1.36±0.13R. Assuming an edge-on geometry (i?
= 90◦), the stellar rotation period should be close to 7 days.
The non-detection of correlation in the residual flux may be
attributed to several possibilities. The SNR of any photo-
metric signature of active regions is expected to be smaller
since the transit depth is only about 0.1% (compared to the
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FIG. 16.— Transit Tapestry of WASP-85b. Same as Figure 6 but for WASP-85. TCC of Nσ = 4.5 is suggestive of a low obliquity. Close examination of
Figure 15 showed that spot-crossing events did recur in neighboring transits. We agree with Mocˇnik et al. (2016a) that WASP-85Ab likely has a low stellar
obliquity. We are likely seeing the crossing of individual spots instead of extended active regions. This would explain the shorter lifetimes (∼ 10 days), weaker
photometric signal and smaller size (∼ 5◦) of the anomalies seen in the transit light curves.
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1-4% for the strong TCC cases described earlier). The lack
of rotational modulation in the out-of-transit light curve sug-
gests that the host star (Teff ≈ 6200K) may not be magnet-
ically active. Finally, the impact parameter of the planet is
high (b = 0.881±0.004); the transit chord might have missed
any active latitudes that are closer to the stellar equator.
4.14. CoRoT-11
CoRoT-11b is a 3.0-day hot Jupiter orbiting an F star, first
reported by (Gandolfi et al. 2010). Later, Gandolfi et al.
(2012) showed that the system has a low stellar obliquity
(λ = 0.1±2.6◦) based on the Rossiter-McLaughlin effect. Our
TCC analysis could not detect a statistically significant cor-
relation (Nσ = 3.0; Ptcc = 30± 4 days; Pphot unconstrained).
Assuming an edge-on geometry (i? = 90◦), the stellar rota-
tion period should be close to 2 days (vsini? = 40± 5 km s−1
and R? = 1.37± 0.03R, from Gandolfi et al. 2012). Similar
to Kepler-25, the CoRoT-11 star may be too massive and hot
(Teff ≈ 6400K) to be magnetically active. In addition the im-
pact parameter is high (b = 0.8108± 0.0077) and the transit
chord might miss the active latitudes.
4.15. CoRoT-19
First reported by Guenther et al. (2012), CoRoT-19b is a hot
Jupiter orbiting a F star every 3.9 days. Guenther et al. (2012)
also measured the Rossiter-McLaughlin effect and found the
sky-projected stellar obliquity to be λ = −52+27−22 ◦. Our TCC
analysis did not detect a statistically significant correlation
(Nσ = 3.0; Ptcc = 10± 1 days; Pphot unconstrained). The
vsini? argument gives a stellar rotation period close to 14 days
(vsini? = 6±1 km s−1 and R? = 1.65±0.04R, from Guenther
et al. 2012). The non-detection of correlation is consistent
with the high obliquity reported by Guenther et al. (2012).
However, it might also be because the host star is too massive
and hot (Teff ≈ 6100K) to be magnetically active.
4.16. WASP-47
WASP-47b is 4.2-day hot Jupiter around a G star (Hellier
et al. 2012). Observations by K2 revealed two additional
transiting planets in the system, thus making WASP-47b the
first hot Jupiter known to have close-in planetary companions
(Becker et al. 2015). Sanchis-Ojeda et al. (2015) measured the
Rossiter-McLaughlin effect induced by the hot Jupiter WASP-
47b, finding λ = 0±24◦.
We do not find a statistically significant correlation (Nσ =
3.0; Ptcc = 6.3± 0.4 days; Pphot unconstrained). The stellar
rotation period may be close to 37 days based on the combi-
nation of vsini? = 1.80+0.24−0.16 km s
−1 and R? = 1.16± 0.26 R
(Hellier et al. 2012; Sanchis-Ojeda et al. 2015). WASP-47
may be magnetically quiet, which is consistent with the lack
of rotational modulation in the K2 light curve.
4.17. Kepler-13
Kepler-13Ab is 1.8-day hot Jupiter around an A star. Barnes
et al. (2011) reported a misaligned orbit based on the asym-
metric transit profile induced by gravity darkening. Later
Doppler tomography (Johnson et al. 2014) and further anal-
ysis of gravity darkening (Masuda 2015) showed that the sys-
tem has a high obliquity (λ = 58.6±2.0◦).
Before applying our TCC method, we removed the best-
fitting gravity darkening model (Masuda 2015), rather than
the usual transit model, in order to obtain the residual flux
time series. No statistically significant correlation was de-
tected. The strongest TCC has Nσ = 2.7 at Ptcc = 3.12± 0.10
days. However, Masuda (2015) reported a stellar rotation pe-
riod close to one day. The lack of correlation is expected,
given the high obliquity and the spectral type of the host star.
Szabó et al. (2014) reported the detection of a 3:5 spin-orbit
resonance based on a pattern seen in the residual flux. We did
not detect a correlation at the stellar rotation period implied
by the 3:5 spin-orbit resonance using the best-fitting gravity-
darkened model from (Masuda 2015).
4.18. CoRoT-3
CoRoT-3b is a 4.3-day brown dwarf (21.66± 1.00 MJup)
transiting an F star (Deleuil et al. 2008). Triaud et al. (2009)
performed Rossiter-McLaughlin observations which gave a
constraint on the obliquity (λ = 37.6+10.0−22.3
◦). We did not
find a strong TCC; the maximum correlation has Nσ = 2.7
and Ptcc = 24.3± 0.5 days. The photometric rotation period
is unconstrained. The vsini? argument gives a stellar rota-
tion period close to 3.0 days (vsini? = 17± 1 km s−1 and
R? = 1.56± 0.09R, from Deleuil et al. 2008). The non-
detection of correlation is consistent with a mildly oblique
orbit. Alternatively, it may be due to the magnetically inac-
tive host star as indicated by the lack of rotational modulation
in the CoRoT light curve.
4.19. CoRoT-18
CoRoT-18b is a 1.9-day hot Jupiter around a G star
(Hébrard et al. 2011). Previous Rossiter-McLaughlin ob-
servations revealed a low stellar obliquity (λ = −10± 20◦).
We find the strongest TCC of Nσ = 2.6 at Ptcc = 15.7± 0.7
days. On the other hand, the rotational modulation in the
out-of-transit light curve suggests a rotation period of Pphot =
5.4± 0.4 days. We cannot confirm the low stellar obliquity
using our correlation method due to the lack of significant
correlation and the disagreement between Ptcc and Pphot. This
may partly be attributed to the low SNR light curve of this
15th mag star.
4.20. Kepler-448
Kepler-448b is a 17.9-day warm Jupiter around a rapidly ro-
tating F star (vsini? = 60.0±0.9 km s−1 Bourrier et al. 2015).
The Kepler light curve shows a 7.5-hour periodic modula-
tion, presumably the stellar rotation period. The sky-projected
obliquity has been determined through Doppler tomography
to be λ = 12.6+3.0−2.9
◦. We do not detect any statistically sig-
nificant correlation (Nσ = 2.7; Ptcc = 21.0± 0.6 days; Ptcc un-
constrained). If the stellar rotation period is indeed 7.5 hours,
the fast rotation has a similar timescale as the transit duration.
Any photometric anomalies caused by active regions would
likely be smeared out by the fast rotation.
4.21. Kepler-420
Kepler-420b is a 86.6-day warm Jupiter around a G dwarf.
Santerne et al. (2014) used radial velocity data to show that
the orbit has a high eccentricity of 0.772±0.045 and possibly
a high stellar obliquity λ = 75+32−46
◦. There is no strong TCC
(Nσ = 2.5; Ptcc = 11.7± 0.7 days; Pphot unconstrained). If the
obliquity is low then the rotation period is close to 13.5 days,
based on the reported values of vsini? = 4.6± 0.2 km s−1
and R? = 1.13± 0.14R (Santerne et al. 2014). The non-
detection of correlations in the residual flux is consistent with
an oblique orbit, although the host star may simply lack strong
surface magnetic activity.
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4.22. WASP-107
WASP-107b is a warm Jupiter (a/R? = 18.2) around a K
dwarf star (Anderson et al. 2017). Dai & Winn (2017) ana-
lyzed the short-cadence K2 light curve of WASP-107. They
inferred that WASP-107 has a high stellar obliquity, with
Ψ = 40−140◦, because the observed spot-crossing anomalies
did not recur in neighboring transits. The lack of recurrence
also implied that the stellar rotation period and the planet’s
orbital period cannot be in an exact spin-orbit resonance as
previously suggested by Anderson et al. (2017). If the pe-
riod ratio were exactly commensurate, spot-crossing anoma-
lies would recur regardless of the stellar obliquity. The high
obliquity of this system has now been confirmed by Rossiter-
McLaughlin measurement which indicates a nearly perpen-
dicular orbit (A. Triaud, private communication).
We applied the TCC method to the K2 light curve of WASP-
107. The results show a weak signal, with Nσ = 2.5 at Ptcc =
10.0±0.5 days. On the other hand, the rotational modulation
in the out-of-transit light curve suggests a rotation period of
Pphot = 17.1±1.0 days. The lack of significant correlation and
the disagreement between Ptcc and Pphot are consistent with the
oblique orbit.
4.23. Kepler-8
Kepler-8b is a 3.5-day hot Jupiter around an F star Jenk-
ins et al. (2010). Albrecht et al. (2012) found λ = 5± 7◦
based on observations of the Rossiter-McLaughlin effect. The
strongest TCC analysis has Nσ = 2.2 at Ptcc = 27.1±0.3 days.
The rotational modulation in the out-of-transit light curve sug-
gests a rotation period of Pphot = 28.64±0.32 days. The weak
correlation in the residual flux may be attributed to the mag-
netically inactive host star (Teff = 6200 K). Moreover, the im-
pact parameter of the planet is high b = 0.724±0.020.
4.24. HAT-P-7
HAT-P-7b is a hot Jupiter with an orbital period of 2.2 days
and an F-type host star (Pál et al. 2008). Albrecht et al. (2012)
observed the Rossiter-McLaughlin effect and found a high
obliquity, with λ = 155± 37 ◦. Masuda (2015) measured the
true obliquity, Ψ = 101± 2 ◦, based on the observable man-
ifestations of gravity darkening effects in the Kepler transit
light curves. As we did with Kepler-13, we removed the best-
fitting gravity-darkening model to isolate any anomalies in the
residual flux time series. No statistically significant TCC was
detected. The strongest signal has Nσ = 2.0 and Ptcc = 0.8±0.2
days, which conflicts with the rotation period of 1.5–2.1 days
estimated by (Masuda 2015).
4.25. WASP-75
WASP-75b is another hot Jupiter around an F star. The or-
bital period is 2.5 days. The system is distinguished by an
unusually large transit impact parameter, b = 0.887± 0.008.
The K2 light curve reveals a stellar rotation period of Pphot =
13.7±1.1 days. Gómez Maqueo Chew et al. (2013a) reported
the projected rotation velocity (v sini? = 4.3±0.8 km s−1) and
stellar radius (1.26± 0.04 R), leading to a weak constraint
on the stellar inclination: sin i? > 0.36 with 95% confidence.
We do not see a strong correlation in our TCC analysis. The
strongest TCC has Nσ = 1.9 at Ptcc = 22±3 days.
4.26. KIC 6307537
KIC 6307537 is an eclipsing binary system discovered with
Kepler data. The star listed in the Kepler Eclipsing Binary
Catalogue is a K dwarf. It eclipses the companion star ev-
ery 29.7 days, causing the system brightness to fade by 7%
for about 23 hours. When the companion occults the cat-
alogued star, the system fades by 17%. This indicates that
the companion is likely an evolved star, with a larger radius
and lower effective temperature than the K dwarf. Prša et al.
(2011) classified this system as an eclipsing binary of the
Algol type (detached). The Kepler light curve also shows
a clear rotational modulation of 78± 3 days which we at-
tribute to the slower rotation of the evolved star. From the
separation between the primary and secondary eclipse, Van
Eylen et al. (2016) obtained a constraint of the eccentricity:
ecosω = 0.0042±0.0008.
We apply the TCC method to the 7% eclipses of
KIC 6307537, i.e., when the evolved star is being eclipsed.
We detect a strong correlation (Nσ = 11.4) in the residual
flux at Ptcc = 80.4± 1.6 days. This is consistent with the
Pphot = 78±3 days. We interpret the strong TCC as evidence
for a low obliquity of the evolved star. We place an upper
bound of Ψ . 6◦. The agreement between Ptcc and Pphot not
only supports the low-obliquity interpretation but also sug-
gests that the rotational modulation in the out-of-eclipse light
curve originates from the evolved star.
Figure 17 shows the eclipse tapestry. The tapestry suggests
there are two active regions near longitudes of 40◦ and 120◦
each spanning about 5-10◦ in longitude. The active regions
appear wider in Figure 17 because of the finite radius ratio.
With R1/R2 ≈ 0.24, the photometric features due to the ac-
tive regions are broadened by about 30◦ in longitude. These
photometric features in the residual flux had amplitudes of
about 1-2% in relative flux. Comparing with the eclipse depth
of about 7%, the active regions on average were roughly 15-
30% dimmer than the photosphere. The active regions seem
to have lasted the entire Kepler campaign indicating a lifetime
of at least 103 days.
4.27. KIC 5193386
KIC 5193386 is another Kepler eclipsing binary system.
One set of eclipses occurs every 21.4 days, during which the
total light decreases by 8% for about 22 hours. The other
set of eclipses is deeper (24%) and flat-bottomed. The sec-
ondary star (the star being eclipsed during the 8% fading
events) is likely evolved, with a larger radius and lower ef-
fective temperature than its companion. We measure a ro-
tational modulation of 26.0± 0.8 days in the Kepler light
curve. From the separation between the primary and sec-
ondary eclipse, Van Eylen et al. (2016) constrained the ec-
centricity: ecosω = −0.0022±0.0015.
By analyzing the 8% eclipses we find a strong TCC, with
Nσ = 9.5 and Ptcc = 25.8± 0.3 days, indicating a low obliq-
uity (Ψ . 14◦). Figure 18 shows the tapestry. During the
early stages of Kepler observations, one prominent active re-
gion was located at a transit longitude of 30◦. It gradually
split into two distinct active regions that separated longitudi-
nally from each other. Again, we interpret this phenomenon
as the emergence of a magnetic flux tube and the subsequent
separation of the two footprints of the tube on the stellar pho-
tosphere. The active regions are consistent of being about 10◦
wide and are 10–25% fainter than the photosphere.
4.28. KIC 6603756
KIC 6603756 is an eclipsing binary system in the Kepler
catalog of Prša et al. (2011), who classified this system as an
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FIG. 17.— Eclipse Tapestry of KIC 6307537. Same as Figure 6 but for the eclipsing binary system KIC 6307537. We find a strong TCC consistent with a
low stellar obliquity for the larger star in the system. There are two active regions near transit longitudes of 40◦ and 120◦. The lifetime of these active regions
are at least 103 days, longer than those inferrred for the dwarf stars described earlier.
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FIG. 18.— Eclipse Tapestry of KIC 5193386. Same as Figure 6 but for the eclipsing binary system KIC 5193386. The strong TCC detected suggests a low
obliquity for the larger, likely evolved star of the system. One prominent active region was located at transit longitude 30◦ at the start of the Kepler observation.
It then split into two distinct regions that separated longitudinally from each other. This may be the result of an emerging magnetic flux tube.
eclipsing binary of the Algol type (detached). Only one set
of eclipses was detected. These 4% eclipses last for about 6
hours and repeat every 5.2 days. The Kepler light curve shows
a clear rotational modulation of 6.128 ± 0.054 days.
Our TCC analysis gives a strong correlation, Nσ = 9.2, at
Ptcc = 6.0± 0.1 days. We interpret the strong TCC as a sign
of a low obliquity for eclipsed star and place an upper bound
of Ψ . 12◦. Figure 19 shows the eclipse tapestry. Active
regions seemed to occur preferentially near a transit longi-
tude of 230◦ throughout the 300 days of Kepler observations.
These photometric features in the residual flux had amplitudes
of about 0.002–0.006 in relative flux which, when compared
to the eclipse depth of 4%, implies that the implying that the
active regions were on average 5–15% dimmer than the pho-
tosphere.
4.29. KIC 5098444
KIC 5098444 is a Kepler eclipsing binary with 2% primary
eclipses and 0.4% secondary eclipses (occultations), and an
orbital period of 26.9 days. The Kepler light curve shows
a clear rotational modulation of 23.49 ± 0.19 days. The
primary eclipses, analyzed here, have a duration of about
11 hours. The TCC is strong, with Nσ = 7.9 and Ptcc =
23.40± 0.24 days. We conclude the primary star has a low
obliquity, with Ψ. 8◦. The agreement between Ptcc and Pphot
also shows that the rotational modulation in the out-of-eclipse
light curve originates from the primary.
Figure 20 is the eclipse tapestry. An active region near
transit longitude of 90◦ persisted throughout the 800 days of
Kepler observations. The flux anomalies have amplitudes of
0.5–1%. Comparing with the eclipse depth of about 2%, the
20 Dai et al.
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FIG. 19.— Eclipse Tapestry of KIC 6603756. Same as Figure 6 but for the eclipsing binary system KIC 6603756. TCC analysis revealed a low-obliquity for
this system. Active regions seem to occur preferentially near transit longitude of 230◦ throughout the 300 days of Kepler observations.
active regions on average were roughly 20-50% dimmer than
the photosphere. The active regions span about 40◦ in longi-
tude after accounting for the finite size of the secondary.
4.30. KIC 7767559
KIC 7767559 was originally listed as a planetary candidate,
KOI-895. This system was later classified as an eclipsing bi-
nary due to the detection of significant secondary eclipses.
The primary eclipse occurs every 4.4 days with a depth of 1%
and a duration of 3.9 hours. The Kepler light curve shows a
clear rotational modulation of Pphot = 5.02 ± 0.20 days. Hol-
czer et al. (2015) detected a strong correlation between TTV
and local flux variation, indicating a prograde orbit.
The 1% primary eclipses show a strong TCC with Nσ = 7.7
at Ptcc = 5.1±0.1 days. We place an upper bound on the obliq-
uity,Ψ. 7◦. Figure 21 shows the Eclipse Tapestry. Although
there are signs of group-group correlation, any large-scale,
long-lasting active regions are not visually obvious.
4.31. KIC 5376836, 3128793, 5282049, 5282049
KIC 5376836, 3128793, 5282049, 5282049 are all eclips-
ing binary systems discovered by Kepler. In all cases our anal-
ysis revealed strong TCC signals, with Nσ = 5–7, and TCC pe-
riods that agree with the independently measured photometric
periods. We put an upper bounds on the obliquity Ψ . 3 to
20◦ (See Table 2). Figure 22 shows the eclipse tapestries for
each system, all of which lack high-contrast, long-lasting ac-
tive regions.
5. DISCUSSION AND CONCLUSION
5.1. The TCC method
As any other method to obtain information on stellar obliq-
uities, the TCC method has strengths and weaknesses. One of
the advantages of the TCC method is that it does not make any
assumption about the size, shape and intensity distribution of
the active regions. In contrast, the traditional spot-tracking
methods (e.g. Sanchis-Ojeda et al. 2011; Tregloan-Reed et al.
2013; Béky et al. 2014b) often assume circular and uniform
starspots for ease of modeling. The TCC method looks for
recurrence in the residual flux regardless of the shape of the
recurring pattern. Therefore it can handle spots of arbitrary
shape and intensity distribution and even bright active regions
such as plages and faculae.
We have created transit tapestries to allow the properties
of the active regions on transit chord to be tracked and vi-
sualized in a model-independent manner. The TCC statistic
combines all the data together, and can therefore be effective
even in systems with lower SNR for which no features can
be discerned in the transit tapestry. In contrast, the traditional
spot-tracking method is based on the visual identification of
individual spot-crossing events. This is more subjective and
is only possible in the systems for which the data have the
highest SNR. The TCC method is largely automated and does
not require additional follow-up observations, facilitating the
application to a large sample of systems.
One of the limitations of the TCC method is that it requires
light curves with a high temporal sampling rate. This is be-
cause the durations of spot-crossing events are similar to the
brief durations of the ingress and egress phases of the transit.
Continuous monitoring of the system is also very important
for the TCC method. Continuous monitoring enables an in-
dependent check on the stellar rotation period Pphot from the
rotational modulation in the out-of-transit light curve. More-
over, active regions have a limited lifetime, and may drift in
longitude and latitude. The recurring pattern in residual flux
caused by active regions may quickly change or disappear af-
ter a few transits. This is why it is important to observe many
pairs of neighboring transits, separated by a relatively short
amount of time.
In the TCC method, the detection of a strong correlation
requires a confluence of factors. The host star must be mag-
netically active, with stable active regions. Unless the system
is close to a spin-orbit commensurability, the stellar obliquity
Ψ must be nearly 0◦ or 180◦, such that the planet repeatedly
transits the same active regions. In addition, the impact pa-
rameter of a transiting planet must be such that the transit
chord overlaps with the active latitudes on the host star. On
the other hand, when no strong TCC is observed, the system
is not guaranteed to have a high obliquity, as the failure of any
of the preceding conditions could explain the lack of correla-
tion. Therefore the TCC method is best at picking out stars
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FIG. 20.— Eclipse Tapestry of KIC 5098444. Same as Figure 3, but for the eclipsing binary system KIC 5098444. TCC analysis suggests a low stellar
obliquity for the primary. An active region (40◦ wide, 20-50% dimmer than average photosphere) near transit longitude of 90◦ persisted throughout the 800 days
of Kepler observations.
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FIG. 21.— Eclipse Tapestry of KIC 7767559. Same as Figure 6 but for the eclipsing binary system KIC 7767559. A strong TCC signal indicates a low
obliquity for the primary star.
with obliquities that are very low or are close to exactly retro-
grade. In contrast, the Rossiter-McLaughlin effect can lead to
tight constraints for just about any angle, although it is only
sensitive to the sky-projected obliquity λ.
5.2. Detected low-obliquity systems
We applied the TCC method to selected CoRoT, Kepler
and K2 transiting planets and planetary candidates. We found
10 cases in which the star has a low obliquity (see Table 1).
Among these, five were not previously known to have a low
obliquity: Kepler-71b, KOI-883.01, Kepler-45b, Kepler-762b
and Kepler-423b. For the other five systems, we confirmed
the low stellar obliquities reported previously. Notably, all of
these low-obliquity detections are for stars with giant planets
(Rp > 0.9 RJup), with scaled semi-major axis a/R? < 12. This
is not too surprising; the requirements for a relatively high
SNR and many consecutive transits are most easily met for
close-in giant planets.
All of these low-obliquity stars are G and K dwarfs, with
the sole exception of Kepler-45, which is an M dwarf. The
low obliquities of the G and K dwarfs are consistent with
the general trend that hot Jupiters around relatively low-mass
stars below the Kraft break tend to have low obliquities (Winn
et al. 2010a). The presence of a convective outer layer in these
low-mass stars may be also crucial for the generation of stel-
lar magnetic activity. In contrast, several previously reported
low-obliquity systems (Kepler-25c, CoRoT-11b and Kepler-
8b) with more massive host stars did not show strong TCC.
This may be ascribed to the lack of magnetic activity; these
stars have effective temperatures exceeding the Kraft break,
and do not have thick outer convective zones.
Kepler-45 is only the second M dwarf for which the stel-
lar obliquity has been measured, the other one being GJ 436
(Bourrier et al. 2017). As noted in the introduction, the dis-
22 Dai et al.
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FIG. 22.— Eclipse Tapestry of KIC 5376836, 3128793, 5282049, 5282049. Same as Figure 6 but for these four eclipsing binary system from top to bottom.
The strong TCC and the agreement between Ptcc and Pphot suggest low stellar obliquity for all four systems. However, the correlations are not obvious to the eye.
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tribution of stellar obliquities has been observed to depend on
the properties of the host star. Winn et al. (2010a) found that
the stars above and below the Kraft (1967) break have dif-
ferent obliquity distributions. Stars cooler than about 6250 K
have thick convective envelopes, while hotter stars have radia-
tive envelopes. The differing obliquity distributions may be
related to the differing magnetic fields, tidal dissipation rates,
or rotational histories of the stars on either side of this bound-
ary. Performing obliquity measurements on a wider range of
stellar types may help to clarify the situation. This is espe-
cially true for M dwarfs which may be completely convective
and for which obliquity measurements have been very lim-
ited. Rossiter-McLaughlin observations have not been very
successful for M dwarfs, because of their higher stellar vari-
ability, slower stellar rotation, and faint optical magnitudes,
all of which hinder the acquisition and interpretation of high-
resolution spectra. The TCC method may be particularly use-
ful for M dwarfs because high levels of activity and slow ro-
tation are actually favorable for the technique, and because
high-resolution spectroscopy is not needed.
As we mentioned previously, the TCC method is capa-
ble of identifying both well-aligned and perfectly retrograde
systems. However, among the 64 planetary systems and 24
eclipsing binaries in our sample, none were found with a
strong TCC corresponding to a retrograde orbit. In partic-
ular, all 10 of the planetary systems that had a strong TCC
were found to have very well-aligned orbits, even though ret-
rograde orbits would have been equally easy to detect. All 10
of the systems feature cool stars, below the Kraft break. Thus
the results for these 10 systems is further evidence that cool
stars with hot Jupiters mainly have prograde orbits rather than
retrograde orbits.
5.3. Constraints on stellar magnetic activity
The properties of sunspots have been tracked since the 18th
century. It is well known that sunspots preferentially emerge
at latitudes of about 30◦ north or south of the equator at the
start of a magnetic cycle (Hathaway 2015). These active lati-
tudes gradually drift towards the equator as the magnetic cy-
cle continues, giving rise to the “butterfly diagram” when spot
latitudes are plotted against time. It has also been noted that
sunspots tend to cluster at certain active longitudes (see e.g.
Bumba & Howard 1965). Other solar magnetic phenomena
such as flares, coronal mass ejections, and X-ray emission
are also associated with active longitudes (Zhang et al. 2008;
Gyenge et al. 2017; Zhang et al. 2007). Typically there are
two active longitudes on the Sun separated by 180◦, each of
which has a width of order 20◦ (Berdyugina & Usoskin 2003).
At solar maximum there can be as many as four active lon-
gitudes, and at solar minimum active longitudes may disap-
pear (de Toma et al. 2000). The lifetime of active longitudes
has been found to be seven rotation cycles (de Toma et al.
2000) and perhaps even as long as a century (Berdyugina &
Usoskin 2003). While the exact physical mechanism respon-
sible for persistently active longitudes is still unknown, they
do not seem to be a unique property of our Sun. Lanza et al.
(2009) and García-Alvarez et al. (2011) found evidence for
active longitudes on other stars too.
The transit tapestries of several low-obliquity systems
with high SNR and strong magnetic activity — Kepler-17b,
CoRoT-2b, Qatar-2b, Kepler-71b and KOI-883.01 — allow us
to track the size, contrast, lifetime and latitudinal distribution
of the active regions along the transit chords of these planet-
hosting stars. These are the most magnetically active among
the systems we have studied. We summarize the properties of
the active regions of these systems in Table 3.
We note the following trends. In all cases the Rossby num-
ber — the ratio between the rotation period and the convective
overturn time — is smaller than that of the Sun. The Rossby
number is routinely used for expressing thresholds and scaling
relations in the study of stellar magnetic activity and magnetic
braking (see, e.g., van Saders et al. 2016). The strong mag-
netic activity that is characteristic of our sample is linked to
their fast rotation. All five stars are below the Kraft break.
The typical contrast of the active regions is on the order of
10% in the wide optical bandpasses of the Kepler and CoRoT
data. The typical lifetime of the active regions is on the or-
der of 100 days, although we note that the inferred lifetime of
the active longitudes is degenerate with the rate of latitudinal
migration. If the active regions migrate away from the tran-
sit chord, the active regions will no longer cause photometric
signatures in the transit light curve.
For all of the systems in Table 3, there are typically two
active longitudes that are present on the same stellar latitude
simultaneously. At a given time there may be no active longi-
tudes or as many as four, similar to the Sun. Interestingly, the
size, contrast, and the lifetime of the different active regions
on the same stars are very similar to each other. The latitude
probed by the planet is .20◦ in all cases, suggesting that ac-
tive regions tend to occur at these low latitudes, which is also
similar to the situation on the Sun. If active regions had no
preferred latitudes, the systems in Table 3 might have shown
a broader distribution of transit impact parameters.
Montet et al. (2017) noted a pattern in the origin of pho-
tometric variability of Sun-like stars observed by Kepler (Teff
within 150 K of the solar value and logg > 4.2). The bright-
ness variations of stars with rotation periods shorter then 25
days are consistent with those produced by dark spots, while
slower rotators are more consistent with bright spots (plages
and faculae). The most magnetically active systems in our
sample (Table 3) are all consistent with being spot-dominated.
This is inferred from the prevalence of positive residuals seen
in the transit tapestries. For the slower rotators in our sample,
TrES-2 and Kepler-423, we did not observe strong features in
the transit tapestries, perhaps because the active regions are
faculae spanning a larger angular size.
5.4. Eclipsing binaries
We now turn to the eclipsing binaries in our sample. We
found eight Kepler eclipsing binaries that show strong correla-
tion and good agreement between Pphot and Ptcc (see Table 2).
It is more difficult to detect and interpret the TCC signals for
these systems. Due to the lack of follow-up observations, lit-
tle is known about the properties of the stars in these binaries.
The stellar parameters in Table 2 were estimated from fitting
stellar models and evolutionary tracks to archival broadband
photometry (Prša et al. 2011). Moreover, only the properties
of the primary stars were reported. Second, because of the
larger radius ratio in these binaries, the TCC method provides
poor angular resolution for probing the active regions. Fur-
thermore, some of the eclipsing binaries were only observed
in the long-cadence mode. The 30-minute time averaging
smears out the photometric patterns of active regions. Finally
the orbital periods of some binaries are longer than 20 days.
This means we have a smaller number of eclipses to analyze,
and leaves the active regions more time in between eclipses
for their properties to change, weakening the TCC signal.
Nonetheless, we do see good evidence of active regions
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in the eclipse tapestries of KIC 6307537, KIC 5193386 and
KIC 5098444. Given the shallow eclipse depths and long
eclipse durations, one of the stars in each of these binaries
is likely evolved. This is further supported by the deeper and
flat-bottomed eclipse seen in KIC 6307537 and KIC 5193386
which indicates the eclipsed star has a larger radius and lower
effective temperature than the eclipsing star. The active re-
gions extend by about 10◦ in longitude and are on the order of
10% fainter than the rest of the photosphere. We did not detect
significant longitudinal migration except for KIC 5193386,
where one active region gradually split into two regions that
drifted apart in longitude. These regions may be the two foot-
prints of an emerging magnetic flux tube. The active regions
on these evolved stars persisted for longer than those on the
planet-hosting dwarf stars, up to at least a thousand days.
The low obliquities of these binaries could be a conse-
quence of tidal evolution, which tends to bring stars into a
double-synchronous aligned configuration. However we note
that the all eight of the low-obliquity binary systems have not
achieved a state of synchronized rotation: Porb 6= Prot (see Table
2). Thus the low-obliquity state may reflect the initial condi-
tions of formation, rather than the outcome of tidal evolution.
5.5. Future prospects
Crucial to the success of the TCC methods are light curves
with high SNR, high cadence, and continuous time coverage
for many orbital and rotation periods. New opportunities for
applying TCC will be provided by the existing and upcom-
ing space-based missions TESS (Ricker et al. 2014), CHEOPS
(Broeg et al. 2013), and PLATO. The TESS mission, sched-
uled for launch in 2018, will provide a fresh sample of tran-
siting planets which will be suitable targets for the TCC anal-
ysis. The plan for the mission is to obtain data with 2-minute
cadence for several hundred thousand preselected target stars.
This will be ideal for resolving the photometric signatures of
active regions. Most TESS stars will only be observed for one
month during the two-year primary mission, but a small frac-
tion of the stars (near the ecliptic poles) will be observed for
as long as a year. Our best hopes are for TESS targets that are
observed for at least a few months, similar in duration to the
80-day K2 campaigns that have already yielded some strong
detections with the TCC method. Using the TESS mission
simulations of Sullivan et al. (2015) and Bouma et al. (2017),
we have made a rough estimate that there will be a few dozen
TESS planets with single-transit SNR> 50, amenable to TCC
analysis.
We are grateful to Ronald Gilliland for helping to arrange
short-cadence Kepler observations for many of the targets
analyzed here. Work by J.N.W. was supported through the
Kepler Participating Scientist program and by NASA award
NNN12AA01C.
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TABLE 3
PROPERTIES OF ACTIVE REGIONS INFERRED FROM TCC
System Teff (K) Prot (days) Roa Longitudinal Sizeb(◦) Contrastc Lifetime (days) NALd Active Latitude (◦)
Sune 5777 25.05 2.3 .20 ≈3-33% (spots) ≈200f 2 (0-4) 30-10
Kepler-17 5800 11.9 0.81 5-20 10-20% 100-200 1-4 16±8
CoRoT-2 5600 4.5 0.22 10-20 7-17% >150 2 13±10
Qatar-2 4600 18.5 0.76 15-25 3-7% >80 2 2±9
Kepler-71 5600 19.9 1.04 5-15 10-20% 100-200 2 2±8
KOI-883 4800 9.11 0.40 10-40 10-20% ≈100 0-2 0±10
aRossby Number, using the prescription for convective overturn time of Noyes et al. (1984)
bLongitudinal width of the active regions.
cAverage contrast between the active regions and the surrounding photosphere, in the Kepler band.
dNumber of the active longitudes
ehttps://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html; Berdyugina & Usoskin (2003), de Toma et al. (2000), Kilcik et al. (2016)
fLifetime of active longitudes instead of sunspots (de Toma et al. 2000).
